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I n t r o d u c t i o n
NASA’sfuture  missions aimed at exploring

MEiIs require high specific energy  batteries that  car]
be opcrat(!d at temperatures of -20”C  and below.
.%nw of these missions include: rovers, landers,
and penetrates. These missions have unique
requirements which cannot be satisfied by current
SOA secondary battery t~!chnology.  Rovers and
kmclers requite batteries which can operate at
temperatures as low as -40”C.  Penetrates require
olmration at temperatures lower than -60°C.  In
acldition  t o  e x t r e m e  o p e r a t i n g temperature
rec~uirernents, high specific energy (60-80 Wh/Kg)
and long cycle life (< 500 cycles) are necessary for
these  applications. Review of these requirem~!nts
indicate that Li-ion  batteries are viable candidates.
However, one major drawback to the existing Li-icm
teclmology  is their poor  p e r f o r m a n c e  a t  l o w
te[nperatures. An experimental program Ilas
therefore been initiated at JPL to improve the low
temperature performance of Li-ion  cells, and to
demonstrate the technology by the year 2000.
Work is presently underway to identify suitable
electrolytes for operation of Li-ion  cells at low
temperatures and to improve the Li+ diffusion
kinc?tics  of the electrode materials. 1 his paper
mainly deals with the results of our work to develop
advancc!cf low temperature electrolytes.

E x p e r i m e n t a l
A rlumtmr of ethylene carbonate (EC) arid

propylene cart)  onate  (pC)-based electrolytes were
prc~mrcxl arlcl eva luated for  conduct iv i ty  and
c!lcctr~](;tl[:l[~iczil  stability ill terrlks of the observed
Vc)ltagc! window. Exper imenta l  ce l ls  were
const ruc ted and tes ted a t  var ious rates and
terll~mratutes  to  eva luate  the per formance of
promising electrolytes.

Binary and terrlary  electrolyte mixtutcs
witl]  E-C :iIId PC as base solvcr]ts were prepared
will) salt concentrations r:ingir]c] from 0.25 M to 1.!)
M. 1 II(! electrolytes mixtures e&luatecf  were  eitt)er

cd]tairred from cotnmercial  vendors or pr[!pared in-
Iwuse frorrl  f)urified  rr”raterials. The  solvents
ir]clud[!d  in tlw preparat ion o f the  electrolyte
s o l u t i o n s  ir]cludc:  dimethyl  c a r b o n a t e  (DMC),
cliettlyl  carbonate (DEC),  1,2-dimethoxymethane
(C)ME),  y-butyrolactone (GBL),  m e t h y l  a c e t a t e
(MA), methyl forrnate  (MF),  and acetonitrile  (AN).

The specific conductivity of a number of
electrolyte solutions was m e a s u r e d  o v e r  the
terrlperature range of -60°C to 25°C.  T h i s  w a s
accomplished by using a conductivity cell which
cc)rlsists of two platinized  p l a t i n u m  e l e c t r o d e s
wtlich  are imrnol)ilized  in a glass apparatus and
separated by a fixed distance. The cell constant of
ttw apparatus was determined by preparing a 0.1 M
KCI and measuring the resistivity  at a specified
terrlperature and comparing that value to that
rcq)otted in the literature. Using an a.c. impedance
analyzer, the bulk resistivity  was measured from
wtlich  the specific conductivity was calculated.
The t e m p e r a t u r e  w a s  c o n t r o l l e d  i n  t h e s e
ex~)eriments  k~y utilizing a Tenney  environmental
Ic)w temperature chamber (+/- 1 ‘C).

Cyclic voltammetry was u t i l i zed  fOr
irwestigation of the electrolyte electrochemical
stability as a function of temperature. The cyclic
voltammetric  curves were generated using an
E G&G Potcmtiostat  (1 73), an E. G&G Universa l
l’rc)gramrner  (175), and a Soltecll X-Y recorder.

Assc!ssrrlerlt  o f  candidate e lect ro ly tes
were  evaluated i[l 150-300 nfih size ex[)crirnental
test cells.  1 tmse cells were fabricated with LiCcOp
as tl]c cattmdc m a t e r i a l  a n d  I)ottl c o k e  and
grapllitc as the aI Iocle  materials. 1 hese cells were
eva!u:ited  for rate capabil i ty, low tcxnpcrature
~wrfommncc  ard Iirnited cycle life.

R e s u l t s  a n d  D i s c u s s i o n
In selecting appropriate electrolytes for

o~]cratiorl  at low ternpcraturcs ill 1 i- ion t>atterics
several requirerrl(:rlts  must I]c satisficxl,  suctl  as : (i)
tl]c! ability of tt~e electrodes to cycle  efficiently over



.

a ratlge  of current densities and tcrn~)craturcs,  (ii)

gootJ low ternp(!rature  1 i+ transport ctl;ir:i[;l(:ristic;s
allowillg t~igtl r a t e s  of cell disctmrgc dc)wr] to

.~()~C(i,~.,  tligtlcor]ductivityat  lowtern~leratures),

(iii) good electrochemical stability over a wick
voh~ige  w i n d o w ,  a n d  ( i )  g o o d  thmrnal  a n d
chcxnical  stability. In designir]g  electrolytes which
possesses high conductivity at low temperatures,
tlw solut ions should possess a cornhinaticm  of
several critical properties, such as: a high cfiel[!c;tric
corlstant, low viscosity, adequate coc)rdirmtiorl
twhavior, as well as the appropriate liquid ranges
ancf szilt solubilities  in the rnecfium. Acfcfitic)rlally, in
ttl[! selection of an electrolyte system is it crucial to
corwicfer  its compatibility with the cell ctwrnistry in
tcrrns  of stability. For example, although an
electrolyte solution may display high conductivity
at lcIw temperatures, it must also possess the
requisite stability to withstand the high oxidative
potentials present in an active cell (up to 4.1 V vs.
l.i), ttm powerful reducing ability of Iithiurn, as well
as undesired side reactions with the electrolyte salt
(especially anions such as PF6 ancf AsF,’).

C o n d u c t i v i t y  M e a s u r e m e n t s
l-he electrolyte solutions evaluated can be

cfiviclcci into two  genera l  categor ies :  EC-t)ased
electrolyte systems and PC-based systems. 1 he
l o w  t e m p e r a t u r e  c o n d u c t i v i t y  o f  P C - b a s e d
mixtures is generally greater than the analogous
EC-t)ased  systems, cfue to the fact that PC has a
Inuct]  lower melting point while still possessing a
large dielectric constant. The first group of
elect rolyt es studied ccmsisted  o f PC/DME
mixtures where the electrolyte satt concentration
and the DME content were varied. As shown in
Fig. 1 ,  t h e  c o n d u c t i v i t y  o b s e r v e d  a t  l o w
terrll)eratures increases with lower electrolyte salt
conccrltration. This trend is in agreement with tile
r(!~mrtecf c o n d u c t i v i t y  o f  PC/DME  rrlixiures  wittl
1  iClO,  ,where  il w a s  found  t h a t  ttle rlmxirnurr]
corl(luctivity and tt}e electrolyte corlcer)tration  c)f
ttlc! rrnxirnurn b o t h  d e c r e a s e  ur]iforrllly witt~
deer casing  tern[)erature’. 1 hese results suggest
tlmt I)oth the dielectric constant of the solvent and
tile solvent viscosity contribute to cause  these
t r e n d s  as the t e m p e r a t u r e  “B l o w e r e d  (t)ottl
viscosity and the  dielectric constant ir}crease  with
decreasing temperature). As illustr:itod in Fig. 2,
when tlw DME conterlt  is varied the conductivity of
ttl[: rrlixtures  increasc;s  as the ~)rol)ortic)rl of [)M[ is
irlcr[!ascd, 1 his is in accordance witt~ ot]scrved
ir]crt!ases  irl rn:jximurrl  conductivity of F>C solutiorls

u~)on addition of DME ?. Upon the addhion  of
DME, IIIC ir]crease  in conductivity is due to the facl
ttmt ttle viscosity of ttle Solvcrlt  Stlarpty cfecrcases
arid ttle dielectric constant of the mixture will also
decrease but not as dramatically. 1 he fact that
DME is an excellent coordinating solver]t also
hel[)s  to enhance Li+ cfiffusivity.

The rlext series of electrolyte mixtures
evaluated involves the addition of low viscclsity
additives to PC/D EC-based systems, such as :
DME , MA, MF, and AN. As illustrated in Fig. :3,
ttle s~wcific c o n d u c t i v i t y  o f  PC/DEC-based
elec;trolyt[!  solutions containing a low viscosity
corrlponcnt  increases over all tem~)eratures,  heir]g
es~)ecitilly  dramatic at very low tcrnperatures.

1 he ethylene carbonate-based systems
are the most commonly used electrolytes for
lithium-ion battery technology due to the unique
passivating films formed on the electrode surf:ice
upon the first charge-discharge cycle. These
electrolyte sOIUtiOnS are ak attractive due to the
fact that high energy density graphite carbcm
anodes can be used instead of coke based
rrklterials. For low temperature applications,
however, electrolytes containing a large proportic)n
of ethylene carbonate do not perform well due to
tile high rrlehing  point of the solvent (rn.p.= 360(;)
ant{ dramatic increase in viscosity at low
terrlperature.s. For  th is  reason,  e lect ro ly te
solutions ccmtaining smal ler  propor t ions o f
ethylene carbonate in the mixtures and/or ttle
addi t ion o f  low v iscos i ty  so lvents  has hecn
explored. In addition to this, the effect of lower
corlcentrations of  e lect ro ly te  satts h a v e  b e e n
ilwestigated, with the expectation of  h igher
cc]nductivity  values  at lower  temperatures.

As shown in Fig. 4, i t  is evident that
electrolytes containing lower sah and EC
corlcentrations, such as 0.5 M LiPF6 EC + DEC
(15:85), d isp lay  h igher  concfuctivities  at lower
temperatures compared to 1.0 M L iPF6 IIC + DEC
(:30:70), ahtl OLlgh the room tempcratme
corlductivity “B s o m e w h a t  lc)wer. W h e n  arl
additiorml  solvent is acfcfecf,  such as GDL, wllict]
Ims favc]rabk! p h y s i c a l  ~)ro~wrties  (larger  l i q u i d
range, somewhat  lower  v iscos i ty ,  and good
colnplexing at)ility) the conductivity was observed
to ir~crease over the range of terrrperatures. Wherl
solvents with much lower viscosity, such as MF and
MA, are comt)ineci  with EC/DEC  the cor~ductivity  is
drtirrmtic:illy ir]creased, cs[)ecially at low
tcrr]i)er:iturcs.  It was also dct[!rrnirlecl  that rrlixturcs
corltair]irlg DLC gcner:illy Ilav[! tligller
corductivites at lower terrrl)erciturcs  cornpareci  to



syslerrvs,  wilt)  [) MC, cflle to ifs 10WW melting poirrt
(-43”C).

E l e c t r o c h e m i c a l  W i n c f o w  E v a l u a t i o n
1 he elcctroct~ernical  windc)w for a safe and

relialj[e operation of the Li ion cell is cfeterrninecf I)y
the incJivicfual  electrode potentials of both the
positive and negative electrodes, as well as the
oxidative  stability of the electrolyte. In particular,
t h e  c u t - o f f  vohage  for the cell c h a r g i n g  i s
cfetcrlr]ir]ecf  by the ratio of ttle electrode capacities
and has be[!n  well characterized for ambient
temperature operation, from a series of half-cell
and  full-cell rr]casurernents.  However, it is unclear
t]ow  the e lect rode potent ia ls  change at  low
tcrn~wratures,  i.e., the temperature coefficients of
the individual electrode potentials are unknown
parameters. Also, the electrochemical window for
the electrolytes may widen at low temperatures,
such that some of the electrolytes (solvents) that
are urlstable  towards oxidation at the potentials
corresponding to the charging of the posit ive
electrode at ambient temperatures may be found
to be viable at low temperatures.

l-he electrochemical voltage window was
measured for 1.0 M LiPFG EC + DMC (30:70)  al
various temperatures ranging from -4tY’ to 22°c.
As shown in Fig. 5 ancl Fig. 6 , the voltage
corrcs~)oncfing  to the onset of electrolyte oxidation
becomes more posit ive upon going to lower
temperatures. 1 his suggests that higher cut-off
voltages can be used in the charge methoc]ology
of Li-iorl  cells for operation at low temperatures
due to the greater resistance to oxidation of the
electrolyte.

Results of Cell Assembly and Testing
A number of experimental cells were

fabricated with different electrolyte solutions to
invest igate  tf]eir performance with respect to
tem~)eraturc.  1 he electrolyte solutions selected
fc]r cvaluatic)n  a t  ttle cell level w e r e  choserj
lmcause of their observed low t e m p e r a t u r e
conciuclivity  and their electrochemical stability with
ti]c system. In [ ig 1, ttle discharge capacities as a
I[}nctior]  of tenlperature is displayed for a number
of cells wittl different F’C-kjased electrolytes: 1.0 M
1 il’f’6 PC+ f3EC (50:50),  0 . 5  M  l.iPFG PC+ DEC
(25:75), and 0.5 M LiPF~ PC+ DEC+MF
(25:25:50), From tt~e data if is evident that the
PC/DEC  rrlixture  with lower .saff concentration tlad
:] 1(!ss char natic calmcily  loss upon going  to lower
tcnlperatures.  1 I]e IOW temperature pctforrnar]ce
was  gre;]tly  er~tlancecf t)y tt~e addition of MF to tile

s o l v e n t  rnixlure,  with nearty 500/0 of  the room
tern~)emture  capac i ty  ot)served  at -400C at high
d ischarge ra!cs ((;/5). In Fig. 8, the cycle l i fe
p e r f o r m a n c e  c)f an exf)erirnental  c;ell contain ing
0.5 M L iPF6 [.C -r DEC -t G B L  (15:35:50) i s
sflown.  At -.?O”C, the cell was observed to deliver
approximately one third of the room temperature
capacity at high rates of discharge (- CM) ancJ was
capable of completing over 100 cycles to date.
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Fig. 1 T Im effect of sdt concentration on the low
temperature conductivity of PC. based
electrolytes.
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